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1 Introduction
Stained glass with beautiful colors has been used a lot as the windows
of churches since ancient times. The intense scattering and absorption of
the light by noble metal nanoparticles is the source of glass tinting and
coloration. The nature of this phenomenon, attributed to the light interac-
tion with metallic nanoparticles, has attracted continuous interest of sci-
entists for years. Mie’s scattering theory is the ﬁrst work to give the theo-
retical analysis for the optical properties of spherical metal nanoparticles
[1]. Surface plasmons, particularly localized surface plasmons in the case
of metal nanoparticles, explain the properties from the viewpoint of phys-
ical phenomenon and present the changes of the electromagnetic ﬁeld due
to the presence of metal particles [2–4]. In recent years, plasmonics as a
subﬁeld of nanophotonics has appeared and developed rapidly. It primar-
ily focuses on the plasmon coupling effects within close proximity along
metal nanostructures and on the manipulation of light at the nanoscale
based on the properties of propagating and localized surface plasmons
[5, 6]. Two promising applications for plasmonics include [7]: i) plasmonic
waveguides to guide electromagnetic energy below the diffraction limit
along for example continuous metal strips or the chains of closely spaced
metal nanoparticles, and ii) plasmonic sensors to realize various types of
sensing schemes based on surface plasmon resonances, such as refractive-
index plasmon sensing [8], surface enhanced Raman spectroscopy (SERS)
[9], and metal enhanced ﬂuorescence [10].
In the biosensing ﬁeld of metal nanoparticles, SERS is one of the most
important applications, because it signiﬁcantly increases the feasibility of
many detection techniques by greatly enhancing the detected signal [11–
15]. SERS, discovered by Fleischmann et al. in 1974 [16], is currently
experiencing a growing interest due to the important discovery of the sin-
gle molecule SERS (SMSERS) [17, 18] and the explosion of the research in
plasmonics [19, 20]. Conventional SERS, whose intensity exceeds that of
the normal Raman spectrum by a factor of 108 - 1010, is attributed to two
1
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main contributors: i) the conventional electromagnetic enhancement as a
result of a localized surface plasmon resonance and ii) the chemical en-
hancement brought out by a charge transfer process between the analyte
molecules and the metal nanoparticles [21, 22]. For the extremely high
enhancement in SMSERS, near-ﬁeld dipole interaction occurring within
the narrow gap between the closely packed particles is explained as the
main reason, and the long-range interaction in periodic arrays of particles
could be an additional contributor [23, 24]. For the random metal nanos-
tructures, a self-similar system containing particles of different sizes in a
chain, which is supposed to work like a nanolens to focus and concentrate
the optical energy into a small area, has been proposed [9, 20].
Besides the explanation of the SERS mechanism, various SERS-active
substrates have been developed for practical SERS applications. With the
development of nanofabrication, metal nanoparticles can be produced on
the substrates by many kinds of techniques, making the substrates SERS-
active. Electron beam lithography [25, 26], DUV photolithography [27],
modiﬁed on-wire lithography [28] and focused ion beam patterning [29]
are ideal options to investigate the SERS mechanism, because they can be
used to precisely control the size and spacing of the nanostructures. Some
other methods, such as Langmuir-Blodgett technique [30, 31], chemical
reduction process [32, 33], self-assembled synthesis [34], ion exchange
with some additional processing [35] and so on, are employed to fabri-
cate random metal nanostructures. In these disordered nanostructures,
such as fractal aggregates of silver or gold, extremely high SERS enhance-
ment is often observed on some so-called "hot spot" sites. Recently, metal
nanoparticles combined with carbon nanotubes [36], polymers [37] and
some other materials [38, 39], have also been explored. The high sensitiv-
ity, reproducibility, and stability are the important criteria required from
the SERS-active substrates. In order to realize a remote or an easy Ra-
man measurement, the capability of integration with other components,
such as optical waveguides and microﬂuidic channels, is also of interest.
In this work, three different methods based on ion exchange have been
developed and utilized to fabricate Ag nanoparticles, namely an ion ex-
change with thermal treatment, a masked ion exchange and a two-step
ion exchange. The properties of the nanoparticles are studied by sev-
eral characterization techniques and the formation mechanisms in these
three methods are discussed. Finally, SERS activities of the particles are
demonstrated and compared by using rhodamine 6G as an analyte.
2
Introduction
The thesis is organized as follows. Chapter 2 introduces some funda-
mental concepts and basic theories relevant to this thesis. Chapter 3 and
4 describe the materials and methods of the experiments and the charac-
terization tools utilized in this work. Chapter 5 presents the properties
and the SERS applications of the Ag nanoparticle aggregates formed in
microscope slides and high iron ﬂoat glasses. The mechanism of how these
aggregates are formed is also discussed. Chapter 6 presents the studies
of Ag nanoparticle patterns made by the masked ion exchange. The lo-
calized electrolytic deposition is presented as the formation mechanism.
Chapter 7 presents a fully covered SERS-active substrate made by the
two-step ion exchange. The properties of the substrate are studied and
the formation mechanism is explained by a combination effect of a gal-
vanic replacement reaction and an electrolytic deposition. Finally, some
conclusions are drawn and the outlook of this work is discussed.
3

2 Background
2.1 Optical properties of metal nanoparticles
People knew how to utilize metal particles before discovering them. In
ancient Rome, they made small colored glass objects with gold or silver
particles. The famous one is the Lycurgus Cup (Fig. 2.1), which is made
of ruby glass. When viewed in reﬂected light, for example in daylight, it
appears green. However, when light is shone into the cup and transmitted
through the glass, it appears red. After that, in middle ages, stained glass
windows were popular in Europe. Even today, you can see them in many
famous cathedrals and churches.
Figure 2.1: The Lycurgus Cup [40].
In 1857, Michael Faraday discovered the optical properties of gold col-
loids and theorized that coloration was due to ﬁnely divided gold particles
[41]. In 1908, Mie’s theory represented the ﬁrst rigorous theoretical treat-
ment of the optical properties of spherical metal particles with a diameter
d  λ, where λ is the wavelength of light in the surrounding medium.
His scattering theory is still used today, even for nonmetal particles [1].
From that on, more and more researchers paid their attention to metal
particles, including their optical, electrical and chemical properties, and
developed various applications in different ﬁelds. The interaction of light
5
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with noble metal nanoparticles has been a signiﬁcant founding for scien-
tiﬁc research.
2.1.1 Localized surface plasmon by a single particle
A surface plasmon is a collective oscillation of the free electron gas that
exists at the interface between two materials, normally a metal / dielectric
interface. When a surface plasmon is resonant with incident light on a
ﬂat metal / dielectric interface, it results in a surface plasmon polariton
appearing as an electromagnetic ﬁeld conﬁned at the metallic surface, a
so-called propagating surface plasmon. On the other hand, if the collective
oscillation of the conduction electrons is resonant with the incident photon
frequency, and limited in a small volume such as a metal nanoparticle, it
is known as a localized surface plasmon. A strongly enhanced optical ﬁeld
is spatially conﬁned in the particle location, and it oscillates in time with
the frequency of the incident light.
The localized surface plasmon plays an important role in the optical
properties of metal nanoparticles. As shown in Fig. 2.2, when the metal
particles are excited by the light, the free electrons in the particles can be
driven by the electric ﬁeld of the applied light. The conduction electrons
and lattice ions will be placed on the opposite sites of the particles. Those
charges attract each other by a restoring force, resulting in a resonance to
occur at a speciﬁc frequency dependent on the composition, size and shape
of the metal particles and also on the surrounding dielectric material [2,
9].
Figure 2.2: The schematic of a surface plasmon oscillation for a spherical
metal nanoparticle.
Due to the localized surface plasmon resonance, optical properties of
metal nanoparticles, especially those of noble metals, show striking dif-
6
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ferences compared with optical responses of the same materials in bulk or
thin ﬁlm form. Generally, optical properties of metal nanoparticles are ex-
pressed in terms of absorption and scattering cross sections σabs and σsca,
and the resulting extinction cross section is given by the sum of them:
σext = σabs + σsca.
When the size of a spherical particle is much smaller than the wave-
length of light (d  λ), the electric ﬁeld of the light can be assumed to be
constant, and the interaction between the nanoparticles and the incident
light is governed by electrostatics rather than electrodynamics. Phase re-
tardation and effects of higher multipoles are neglected. This is a so-called
quasistatic approximation. By solving LaPlace’s equation ∇2Φ = 0, where
Φ is the electric potential, with appropriate boundary conditions at the
sphere surface, the electric potential can obtained to determine the ﬁeld
outside the sphere Eout, which includes the applied ﬁeld and the induced
dipole ﬁeld. The corresponding static electric polarizability of the sphere
derived from the induced dipole ﬁeld is:
α = 4πa3
− m
+ 2m
,
where m is the dielectric function of the embedding medium, a is the
radius of the particle, and , a function of frequency ω, is the complex
dielectric function of the particle material with the real and imaginary
parts (ω) = 1(ω)+i2(ω). The cross sections for scattering and absorption
σsca and σabs can be calculated as:
σsca =
8π
3
k4a6
∣∣∣∣ − m+ 2m
∣∣∣∣
2
,
σabs = 4πka
3Im
[
− m
+ 2m
]
.
For a small sphere (d  λ) in the quasistatic regime, the extinction cross
section is only due to a dipole absorption since the scattering cross section
is scaling with a6 and strongly suppressed. The explicit expression for the
extinction cross section is simpliﬁed considerably as:
σext(ω) = 9
ω
c
3/2m V0
2(ω)
[1(ω) + 2m]2 + 2(ω)2
,
where V0 = (4π/3)a3 denotes the particle volume. The equation shows
that the cross section is dependent on the material ((ω)) and the size (V0)
of the particle, and its dielectric environment (m). It experiences a reso-
nant enhancement when the Frölich condition 1(ω) = −2m is satisﬁed.
7
Background
In the Lorentz-Drude model, (ω) can be written as:
(ω) = 1− ω
2
p
ω2 + iΓω
= 1− ω
2
p
ω2 + iΓ2
+ i
ω2pΓ
ω(ω2 + Γ2)
,
where ω equals the frequency of the surface plasmon oscillation, ωp is
the Drude plasma frequency and Γ denotes the relaxation constant. In
particular, for free electron metals with ω  Γ,
1(ω) ≈ 1−
ω2p
ω2
,
2(ω) ≈
ω2p
ω3
Γ.
By inserting 1(ω) and 2(ω) in the explicit expression for the extinction
cross section, in the vicinity of the resonance, the lineshape of the extinc-
tion cross section is described by a Lorentzian:
σext(ω) = σ0
1
(ω − ω1)2 + (Γ/2)2 .
The resonance position can be calculated from the plasma frequency of
the respective metal:
ω1 = ωp/
√
1 + 2m.
The above calculation is derived for a single sphere and is strictly valid
only in the limit of vanishingly small particles [2, 42, 43]. For particles
of larger dimensions, a complete theory was developed by Mie in 1908, by
solving Maxwell’s equations for the scattering and absorption of electro-
magnetic radiation by a spheroidal or an ellipsoidal object [1]. The above
quasistatic results, valid for sub-wavelength spheres, are then recovered
by a power series expansion of the absorption and scattering coefﬁcients
and retaining only the lowest order term. For more complex shapes, some
advanced numerical methods such as the T-matrix method [44], the dis-
crete dipole approximation [45] or ﬁnite difference time domain simula-
tions [46] are employed to determine the resonance frequencies and also
the local electric ﬁeld in the vicinity of the particles.
2.1.2 Coupling effect in particle ensembles
With the development of nanofabrication techniques, such as focused ion
beam [29] and electron beam lithography [26, 47], researchers are able
to have more control on the size and the distribution of metal nanoparti-
cles. In particle ensembles, additional inﬂuences on the optical property
8
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of particles occur due to the interaction between particles. From the view-
point of the electromagnetic theory, the particles with a diameter d, much
smaller than the wavelength λ of the exciting light, act as the electric
dipoles, and the particle ensembles can be treated as the ensembles of
interacting dipoles.
When the spacing between particles dc is much smaller than the wave-
length of light λ, the ensembles appear as closely packed particles, which
can be described as an array of point dipoles interacting via their near-
ﬁeld. This near-ﬁeld dipolar interaction between adjacent particles is
highly distance-dependent with a distance dependence of d−3c . A strong
ﬁeld localization is caused by a suppression of scattering into the far-ﬁeld
[48]. For a larger spacing (dc is comparable with λ), far-ﬁeld dipolar in-
teraction with a distance dependence of d−1c dominates. The ensemble can
then be treated as a grating, and it has a coupling effect via diffraction
[49].
2.2 Surface enhanced Raman spectroscopy
Plasmonic biosensing deals with a broad range of applicability of using
surface plasmon waves. The simplest and most popular biosensing appli-
cation is refractive-index plasmon sensing, which has been widely used to
monitor the analyte-surface binding interactions. It utilizes the evanes-
cent ﬁeld of a special mode of an electromagnetic ﬁeld - the surface plas-
mon - to measure the change of refractive index that occurs in response to
the analyte binding at or near a metal surface [4]. Propagating and local-
ized surface plasmon resonances (SPR) are both utilized in this applica-
tion - the propagating SPR at ﬂat metal / dielectric boundaries with metal
strips and nanowires, and the localized SPR around metal nanoparticle
structures [2, 50–52]. Another important application, which is utilized as
the characterization method in this work, is the surface enhanced Raman
scattering (SERS) [51, 53, 54]. Both periodic and random metal nanos-
tructures are fabricated to enhance local electromagnetic ﬁelds near the
surface of the structures and to obtain an intense Raman signal. In ad-
dition, the mechanism in surface-enhanced ﬂuorescence is analogous to
that in SERS, by utilizing the enhanced local electromagnetic ﬁelds near
the surface of the nanoparticle to increase the ﬁnal quantum yield [10].
9
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2.2.1 Surface enhanced Raman scattering
Raman scattering is inelastic scattering of a photon. When the energy of
the incident light is not large enough to excite a molecule from the ground
state to the lowest electronic state, the molecule will be excited to a vir-
tual state between the two states. If the molecule returns to its original
ground state with no energy exchange between the incident light and the
molecule, the frequency of the scattered light is the same as that of the
light source. This process is called Rayleigh scattering. It is also possible
that the molecule returns to a vibrational state different from its original
state, thus there is an energy difference between the emitted photon and
the incident photon. For the energy conservation, optical phonon is in-
volved, carrying the energy of the molecular vibration which corresponds
to the energy difference of the two photons. If the frequency of the emitted
photon is smaller than that of the incident photon, the process is called the
Stokes scattering. The opposite is called the anti-Stokes scattering. Their
frequencies are symmetrical on the both sides of the Rayleigh scattering
as the centre point in spectrum. The quantum illustration for different
cases of scattering is shown in Fig. 2.3.
Figure 2.3: The quantum illustration for different cases of scattering.
Raman spectroscopy is used to analyze materials. The frequency of
light changes in Raman scattering, and the frequency shift depends on
the property of the material. Researchers have tried to use Raman spec-
troscopy to detect molecules, but it is quite difﬁcult because of the disad-
vantage of the small cross section of Raman scattering.
Surface enhanced Raman spectroscopy (SERS) was discovered, though
not recognized as such, by Fleischmann et al. in 1974, who observed in-
tense Raman scattering from pyridine adsorbed onto a roughened silver
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electrode surface from aqueous solution [16]. This enormously strong sig-
nal enhanced by a factor of 104-106, had much higher intensity compared
to the ordinary Raman scattering, and was debuted as surface enhanced
Raman scattering. In 1977, two groups independently proposed a mecha-
nism for the observed enhancement. Jeanmaire and Van Duyne proposed
an electromagnetic effect [55], while Albrecht and Creighton proposed a
charge-transfer effect [56]. M. Moskovits summarized these two effects in
a conventional SERS enhancement in 1985 [21]. The typical SERS-active
substrates include nanoparticle aggregates, rough metal surfaces, and is-
lands on the ﬁlm. Silver is widely used in SERS sensors, but one issue is
that silver is easily oxidized. Recently, atomic layer deposition (ALD) has
been employed to deposit an ultrathin layer of Al2O3 to protect the silver
surface and thus improve the stability of the substrates [57, 58]. The most
popular materials of SERS-active sites are silver and gold, but copper is
also of interest because of its abundant presence on the earth [59]. Var-
ious factors including material, size, shape, dielectric environment and
arrangement can give an inﬂuence to the SERS activity.
Single molecule SERS (SMSERS) was originally developed independently
by Nie and Emory [17] and Kneipp [18] et al. in 1997, exhibiting a nom-
inal enhancement factor larger than 1013. They proposed that the "hot
spots", which are deﬁned as nanostructures consisting of two or more
coupled nanoparticles or nanostructured surfaces with closely spaced fea-
tures, provide the high enhancement. This signiﬁcant discovery, together
with the developments in nanophotonics and plasmonics, has generated a
growing interest in SERS [19, 20].
2.2.2 SERS-active substrates and enhancement mechanism
Generally, the total enhancement in SERS is a product of two mecha-
nisms: i) the electromagnetic enhancement [21] and ii) the chemical en-
hancement [22].
Conventional electromagnetic enhancement
In the well-known electromagnetic enhancement mechanism, the ﬁeld en-
hancement is the ratio of the ﬁeld at the position of the SERS-active site
and the incoming ﬁeld. It can be expressed by g(ω) = |Eloc(ω)| / |E0|, where
|Eloc(ω)| is the amplitude of the local ﬁeld at the SERS-active site, and
|E0| is the ﬁeld of the incident light. The total enhancement factor G is
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given by G = |g(ω)|2 |g(ω′)|2, where g(ω) is the local electric ﬁeld enhance-
ment factor at the incident frequency ω, and g(ω′) is the corresponding
factor at the Stokes-shifted frequency ω′. Since the Stokes frequency shift
Δω = ω− ω′ is in general much smaller than the plasmon bandwidth, the
electromagnetic contribution to the total SERS enhancement G = |g(ω)|4
by assuming that g(ω) and g(ω′) are the same.
For some simple geometries, in order to obtain G, two physical phenom-
ena should be considered as the main contributions to the enhancement
in the conventional electromagnetic enhancement mechanism. The ﬁrst
one is the enhancement due to the resonant excitation of localized surface
plasmons in metallic nanostructures. Localized surface plasmons have
the ability to strongly scatter and absorb light and to generate an inho-
mogeneous distribution of intense light highly localized into nanometer
dimensions, which can produce a large enhancement of local electromag-
netic ﬁelds. It has been considered as a conventional SERS enhancement,
and the rigorous expression has been obtained for some simple structures
such as spherical or ellipsoidal particles. The second one is a so-called
lightening rod effect, which is due to a crowding of the electric ﬁeld lines.
The accompanying enhancement at the metal surface is caused purely by
geometries, such as sharp metallic tips. However, the highest SERS en-
hancement, SMSERS for example, often happens at some more complex
geometries rather than a single simple object, which cannot be simply
explained by the conventional electromagnetic enhancement.
Coupling effects
For SERS at complex geometries, the plasmon coupling effect is involved,
and in general more advanced numerical calculation methods are em-
ployed to obtain the enhancement factor. For example, the ﬁnite differ-
ence time domain method (FDTD) discretizes the description of the struc-
ture and the ﬁeld to values at discrete points and approximates deriva-
tives as ﬁnite differences to solve the Maxwell’s equations. The discrete
dipole approximation (DDA) deﬁnes the particle by a large number of
cubes, with an induced dipole for each cube, where the local ﬁeld is the
sum of the incident and retarded ﬁelds of the other N-1 dipoles.
In order to investigate the fundamentals of SERS, nanofabrication tech-
niques such as electron beam lithography and focused ion beam pattern-
ing have been utilized to produce SERS-active substrates. For example,
silver particle arrays [25] and gold nanohole and nanodisk arrays [26]
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with precisely controlled size and spacing fabricated by electron beam
lithography have been investigated. The electromagnetic coupling varies
due to different diameters of the features and different distances between
the features, which can determine the wavelength of the localized surface
plasmon resonance (LSPR) and change the SERS effects of the arrays. In
these studies, the main contribution of the enhancement is usually ex-
plained by a near-ﬁeld dipole interaction within the narrow interstitial
junctions between the features, and the long-range interaction in periodic
arrays of particles could be also an additional source for the total enhance-
ment [23, 24].
Besides the well-organized noble metal arrays, some relatively random
metal nanostructures have been fabricated as SERS-active substrates with
high reproducibility, stability and sensitivity, such as silver nanowire lay-
ers by Langmuir-Blodgett technique [30, 31], nucleation and growth of
silver nanoparticles or nanorods by chemical reduction process [32, 33],
and some other roughened silver substrates [60–65]. Au aggregates [66],
and Au nanobowls in a random arrangement [67, 68] are also utilized for
SERS. In these disordered nanostructures, such as fractal aggregates of
silver or gold, an extremely high SERS enhancement is often observed
on some so-called "hot spot" sites. Besides previously discussed coupling
effects, Stockman and coworkers proposed a self-similar system contain-
ing different sizes of particles arranged in a chain. They argued that this
structure can work as a nanolens to focus and concentrate the optical en-
ergy from bigger spheres to smaller ones, which can result in an extremely
high enhancement [9, 20]. A similar mechanism was also suggested to ex-
plain "hot spots" in fractal aggregates which are disordered self-similar
structures.
Chemical enhancement
The electromagnetic enhancement should be a nonselective ampliﬁer for
Raman scattering by all molecules adsorbed on a particular surface, but
the molecules CO and N2 differ by a factor of 200 in their SERS intensi-
ties under the same experimental conditions. The polarizabilities of the
molecules are nearly identical and even the most radical differences in
orientation upon adsorption could not produce such a large difference.
In addition, Raman spectra display discrete intensity ﬂuctuations in sev-
eral Raman modes when measuring the Raman spectra of an identical
molecule at different times [69]. These can be explained by chemical in-
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teractions between the analyte molecules and the metal particles which
yield a Raman enhancement process [70, 71]. Due to a direct chemical
bond existing between the molecule and the metal, instead of Raman by
isolated molecules, we need to consider a system of molecules bonded to a
metal, which has different properties.
Three different situations are often grouped together as the contribu-
tors for chemical enhancement [72]. Firstly, the enhancement can be from
ground state chemical interactions between a molecule and a nanoparticle
that are not associated with any excitations of the nanoparticle-molecule
system. It is not a resonant Raman process, but it arises during the an-
alyte adsorption on a metal cluster. Therefore, it depends on the local
environment such as the size, charge, binding site and orientation of the
cluster with respect to the molecule, rather than the whole metal particle.
Secondly, in a resonant Raman enhancement the excitation wavelength
is resonant with a molecular transition. The frequency of incident light
is chosen in a way that it crosses the frequencies of electronic excited
states and resonates with them. The third situation is a charge-transfer
(CT) resonant Raman enhancement. The nanoparticle-molecule system
has an additional energy level due to CT and additional possible transi-
tions between energy levels. Incident radiation induces excitation to new
charge-transfer states being resonant with the nanoparticle-molecule CT
transitions. This could be considered as a chemical effect analogous to the
resonant Raman processes.
2.2.3 Integration and developments of sensor devices
Integration concept
The research on practical developments of SERS has mainly focused on
two issues. Besides making high quality SERS-active substrates dis-
cussed in the previous section, the integration of SERS sensor chips is
of particular interest to realize a remote or an easy Raman measurement.
The integration concept usually includes three parts: i) a SERS-active
sensor area to absorb analyte molecules and to promote their Raman sig-
nal, ii) an optical channel to induce the excitation laser light and to collect
the Raman signal, and iii) a channel to guide the molecules. Some inte-
grated sensor chips such as a silicon-based SERS substrate fabricated by
a femtosecond laser [73], a multi-mode optical ﬁber and a microchannel
embedded in a glass substrate [74] have been demonstrated. Another al-
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ternative is to use a liquid-core waveguide as the optical channel and also
as the channel to guide the molecules adsorbed with silver nanoparticles
[75].
Another interesting integration approach is to produce metal nanostruc-
tures on the end of optical ﬁbers (SERS probes), which is promising for
remote sensing applications [76]. The optical ﬁber is used for the input
and collection of light. The SERS-active sites are produced on the end
of ﬁbers by the methods which have been used to make normal SERS-
active substrates, such as evaporation [77], wet-etch procedure [78], fo-
cused ion beam [79], electron beam lithography [80], and femtosecond
laser fabrication[81]. A tapered ﬁber-optic tip is designed as an optimized
geometry, which can increase the area covered by the SERS coating and
bring greater number of internal reﬂections at the interface between the
ﬁber and the SERS coating, and thus improve the performance [82, 83].
Developments based on SERS
Low-resolution Raman spectroscopy is implemented with low-cost lasers
and miniature low-resolution spectrometers to build low-cost instrumen-
tation for the identiﬁcation and analysis of organics [84–87]. Besides com-
mon Raman microscope systems, some other techniques based on SERS
have also been developed. A metallized cantilever tip is controlled at the
vicinity of SERS-active substrates to generate near-ﬁeld enhanced Raman
spectra, named as tip-enhanced Raman spectroscopy [88]. Wavelength-
scanned surface-enhanced resonance Raman excitation spectroscopy in-
volves the measurement of the SERS enhancement for several laser exci-
tation wavelengths [89].
2.3 Metal enhanced ﬂuorescence
Fluorescence detection is widely used in biological research. Improving
ﬂuorescence sensitivity to allow single-molecular detection is a great chal-
lenge in many applications. Lokowicz and his coworkers proposed a com-
bination of ﬂuorescence, plasmonics and nanofabrication to increase the
capabilities of ﬂuorescence technology, and gave it a new name - metal
enhanced ﬂuorescence [10].
A Jablonski diagram (Fig. 2.4 (a)) for ﬂuorophores presents the ﬂuores-
cence process in the free space condition from the energy level point of
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Figure 2.4: (a) Jablonski diagram for the free-space condition, (b) the mod-
iﬁed form in the presence of metallic particles.
view. Using a beam of light (the incident electric ﬁeld E), the molecules
are excited from the ground electronic state (S0) with a lower energy to
a vibrational state (S1) with a higher energy, the corresponding quan-
tum yield (Q0) reﬂects a competition between a radiative decay and non-
radiative processes:
Q0 =
Γ
Γ + knr
,
where Γ and knr are the decay rate by a radiative decay process, and a
non-radiative process, respectively. When the ﬂuorophore is in the close
vicinity of metal particles, the diagram of energy levels is shown in Fig.
2.4 (b). An increased intensity of local incident electric ﬁeld Em is in-
cluded because of the presence of metal particles, and the corresponding
quantum yield (Q0) is modiﬁed as:
Q0 =
Γ + Γm
Γ + Γm + knr + kq
,
with an additional radiative decay rate Γm as a result of the enhanced
local ﬁeldEm on the ﬂuorophore [90]. The key point in the metal enhanced
ﬂuorescence is to increase the part of radiative decay rate Γm by tailoring
the electromagnetic environment and mastering the local environment
of the ﬂuorophore (Em here), which can improve the quantum yield and
thus increase the molecular detection efﬁciency. However, a quenching
effect kq is also added by damping of the dipole oscillations because of the
presence of metal particles; the ﬁnal quantum yield will be determined by
the competition of these two additional effects [91].
2.4 Molten salt ion exchange
Glass is an interesting substrate material for integrated optics because of
its relatively low cost, excellent transparency, and high threshold to opti-
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cal damage. Considering the sensor applications, glass is also a relatively
inert material to the bio-molecules. Ion exchange is a well-known tech-
nique proposed and developed since 1970s, to modify the electrical and
optical properties of glass and to fabricate integrated optical devices such
as waveguides. In the ion exchange process, some of the ions in the glass
matrix (usually Na+) are replaced by the ions of the same valence from
the surrounding medium. Consequently, this replacement can change the
refractive index of the host material.
Figure 2.5: Step-by-step procedure for the channel waveguide fabrication
by ion exchange.
The process to fabricate a channel optical waveguide in a planar sub-
strate by ion exchange is shown schematically in Fig. 2.5. After clean-
ing, an aluminum layer is deposited on the substrate and patterned with
photolithography as the mask. Dielectric masks (usually a thermally ox-
idized metal ﬁlm) can also be used when fabricating passive waveguides.
The whole substrate is immersed into molten salt containing the ions to
be introduced in the glass, in a temperature controlled furnace. After
removing the residual salt and the mask, a bare glass surface with an
ion-exchanged channel has been formed.
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A convenient approach in ion exchange is to use a crucible furnace with
a vertical chamber shown in Fig. 2.6. A substrate holder is employed to
control the insertion and removal of the substrate from the exchange bath
while it reaches the desired temperature. For most purposes the furnace
should be able to maintain and control the temperature with a range from
100 to 600 ◦C, through utilizing the insulated cover and thermometers.
The optional stirring bar is to make the melt more homogeneous.
Figure 2.6: Furnace and an ion exchange apparatus cross section.
Molten salt ion exchange is a purely thermal process. There is a dif-
ference of the concentrations of the two exchanged ions between the glass
and the salt melt, and the mobility of ions in glass increases at an elevated
temperature. This drives a balanced diffusion replacing the original ions
in the glass by the ions from the melt. The change in glass composition
locally increases the refractive index of substrate glass.
There are several types of widely available glass substrates for ion ex-
change. The ﬁrst and foremost one is the common microscope slide with
high sodium content which can be easily replaced by ion exchange. For
higher quality waveguides, some of the most commonly used glasses are
borosilicates from Schott (BK7) and Corning (0211) because of the high
sodium and potassium content and also the optical standard smoothness
and ﬂatness. There are also a variety of dopant ions to choose depend-
ing on the applications, such as Li, K, Cs, Rb, Ag, Tl, and Cu. The most
common dopant for optical waveguides is Ag.
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Besides the material, the temperature and duration of the ion exchange
are also important factors to inﬂuence the resulting sample. The typi-
cal multi-component glasses have a softening point near 700 ◦C, and a
annealing point in the vicinity of 550 ◦C. Based on the experience, the
most reliable process temperatures are found at about 40 to 60 ◦C above
the melting point of the salt, to ensure high mobility of ions in the melt
while avoiding problems associated with high temperatures. At the same
time, it should be less than the temperature of salt decomposition. The
duration is another factor inﬂuencing the refractive index change. The
longer the duration is, the deeper the diffusion can reach. For fabricat-
ing a suitable waveguide, we should combine these two factors to make a
balance. In the fabrication of optical channel waveguides, Ag+-Na+ ion ex-
change with a photolithographically patterned mask is a well-established
process. When a conductive mask such as Al is used, one drawback is the
optical absorption and scattering losses due to the deposited metallic Ag
introduced during the ion exchange process. The initial idea to generate
Ag nanoparticles in glass substrates stems from this observation. This
technique with intentionally enhancing the formation of Ag nanoparticles
is named as a masked ion exchange (Chapter 3.4). Moreover, two other
methods based on Ag+-Na+ ion exchange are developed, namely an ion
exchange with a thermal treatment (Chapter 3.3) and a two-step ion ex-
change (Chapter 3.5).
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3 Fabrication methods
3.1 Glass substrates
In this work, the glass substrates embedded with Ag nanoparticles in-
clude: i) commercial microscope slides (Menzel-Gläser), ii) high iron ﬂoat
glasses, and iii) Corning 0211 borosilicate glasses. Before the subsequent
processing, all the glass substrates are cleaned by acetone and isopropanol
in an ultrasonic bath, and then by a piranha solution (96% sulfuric acid
(H2SO4) mixed with 30% hydrogen peroxide (H2O2) in 3:1 ratio) to remove
the organic and inorganic contaminations [92].
3.1.1 Microscope slides
Table 3.1: Glass composition of microscope slides (Menzel-Gläser) [93].
Composition Weight %
SiO2 72.20
Na2O 14.30
K2O 1.20
CaO 6.40
MgO 4.30
Al2O3 1.20
Fe2O3 0.03
SO3 0.30
The microscope slides are purchased from Menzel-Gläser with the size
of 26×76×1.0 mm3. They are made of extra white soda-lime glass. The
approximate glass composition of the microscope slides is presented in
Table 3.1. The existence of alkaline ions enables the Ag+ ion exchange,
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and the iron ions work as a reducing agent during the formation of Ag
nanoparticles by thermal annealing.
3.1.2 High iron ﬂoat glasses
High iron ﬂoat glasses contain high amounts of the impurity iron oxide.
In the experiments, 0.016% Fe ﬂoat glass and 0.361% Fe ﬂoat glass, are
used as the host glass to form particles. The percentage of Fe by weight
in the ﬂoat glasses is measured by atomic absorption spectroscopy.
3.1.3 Corning 0211
Corning 0211, available as thin wafers, is a glass with excellent optical
performance. It is a high quality borosilicate glass. The glass composition
of Corning 0211 is presented in Table 3.2 [94]. The size of the glass in the
experiments is 50×50×0.5 mm3.
Table 3.2: Glass composition of Corning 0211.
Composition Weight %
SiO2 64
Na2O 7
K2O 7
Al2O3 3
TiO2 3
B2O3 9
ZnO 7
3.2 Ag+-Na+ ion exchange
In the work, three different methods are developed to fabricate Ag nanopar-
ticles, namely the ion exchange with thermal treatment, the masked ion
exchange and the two-step ion exchange. In all of these methods, the Ag+-
Na+ ion exchange is utilized as an essential ﬁrst step to introduce Ag+ ions
into the glass matrix. The molten salt in the Ag+-Na+ ion exchange is the
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mixture of AgNO3 in a 50/50 mixture of NaNO3 and KNO3. The composi-
tion of the salt melt is chosen mainly for its convenient melt temperature,
and the percentage of AgNO3 can be varied from 0.1% to 5% to obtain
different concentration proﬁles [95]. In waveguide fabrication, both the
index change and the index proﬁle are dependent on the melt composition
[96]. However, in this work, Ag+-Na+ ion exchange is used to introduce a
maximal amount of Ag+ ions for Ag particle formation, but not to control
the index change of the glass. Therefore, the highest percentage of AgNO3
is chosen. The melt temperature of 300 ◦C is used, as previously in waveg-
uide fabrication. The relatively long duration of 6 hours is applied for the
same reason as the high percentage of AgNO3.
3.3 Ion exchange with thermal treatment
Ion exchange with a subsequent thermal treatment has been used to syn-
thesize Ag nanoparticles in soda-lime glass [35, 97–101]. Ag+ ions are
incorporated into the glass replacing the Na+ ions of the original matrix.
In this work, the substrates are microscope slides (Menzel-Gläser). The
cleaned glasses are immersed into molten salt for ion exchange as de-
scribed in Chapter 3.2. The samples are then cleaned from excess salt
and annealed at 500 ◦C for 1 h to promote nanoparticle formation. The
results for these experiments are shown in publication II.
In order to understand the formation of particles, two other types of
glasses containing high concentrations of iron, 0.016% Fe ﬂoat glass and
0.361% Fe ﬂoat glass, are also investigated. Precleaned ﬂoat glasses are
immersed in a molten salt mixture at 300 ◦C for 6 h. After the ion ex-
change process, the samples are post-annealed at 600 ◦C for 2 h. One
microscope slide under the same process is used as a reference sample.
The studies on high iron ﬂoat glasses are presented in publication V.
3.4 Masked ion exchange
The masked ion exchange is ion exchange with a mask patterned pho-
tolithographically. The substrate used in this method is Corning 0211
glass. The masked ion exchange in silver-sodium salt melt is a well-
established technique to fabricate optical waveguides [102–104]. The dif-
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fuse nature of the process results in very smooth index proﬁles and ex-
tremely low-loss waveguides. However, metallic silver deposition at the
edges of metallic masks is observed due to the existence of an Al mask
[105]. The absorption and scattering losses of metallic silver could be
avoided by gently etching the glass to remove the particles or by using
nonmetallic masks such as aluminum oxide, silicon dioxide or silicon ni-
tride [96], when making high-quality waveguides [106]. In this work, sil-
ver deposition in waveguide fabrication is used as an advantage, and it is
used to fabricate Ag nanoparticles by intentionally enhancing the particle
generation.
As shown in Fig. 3.1, a standard photolithography process is applied to
make the mask pattern. The masked glass wafers are immersed in the
molten salt described in Chapter 3.2 at 300 ◦C for 6 h. For the charac-
terization, Al mask is removed by phosphoric acid (H3PO4), and differ-
ent thicknesses of glass layers are etched to expose the particles using a
buffered hydroﬂuoric acid solution (Merck Sioetch 17/02 VLSI).
Figure 3.1: Masked ion exchange process to fabricate Ag nanoparticle pat-
tern.
The standard photolithography process is shown schematically in Fig.
3.1 by steps 1 and 2. Firstly, a 100-nm-thick Al ﬁlm is deposited on the
precleaned Corning 0211 glass by an electron beam evaporator. Next, the
sample is baked at 120 ◦C for 10 min to drive off the moisture and then
primed in the adhesion promoter chemical hexamethyldisilazane (HDMS)
to improve the adhesion of the photoresist to the wafer. Secondly, a pos-
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itive photoresist (AZ5214) is coated by a spinner, with the speed of 7000
rpm for 20 s to produce a photoresist layer with a thickness of around 0.5
μm. A soft baking process at 90 ◦C for 20 min is applied to drive off the ex-
cess photoresist solvent. Thirdly, the sample is exposed under a UV light
source through a prefabricated photomask for 30 s, to make the exposed
photoresist soluble in the developer. After the sample is developed for 50
s in the developer (AZ351B), a hard baking at 120 ◦C for 10 min is done.
The exposure process is done by the mask aligner (Suss MJB3 from Suss
MicroTec), and the baking process is done in an oven.
Figure 3.2: The schematic conﬁguration of the ion exchange mask (d is
the diameter of the circular holes in the pattern, and s is the edge-to-edge
spacing between holes).
By optical photolithography, different patterns have been done on the Al
ﬁlm. As shown in Fig. 3.2, circular holes of 4 and 10 μm in diameter with
the edge-to-edge spacing varying from 15 to 250 μm at different regions of
the mask are studied to understand the inﬂuence of the pattern geometry
in publication I, and their Raman results are reported in publication III.
The stripe pattern with different opening widths and the edge-to-edge
spacing of 250 μm is studied in publications II and III.
3.5 Two-step ion exchange
In the two-step ion exchange, a Ag+-Na+ ion exchange described in Chap-
ter 3.2 is utilized to exchange Ag+ ions into the Corning 0211 glass. After
that, a 100-nm-thick Al ﬁlm is evaporated on the ion-exchanged glass by
an electron beam evaporator. The sample is dipped into a pure potassium
salt (KNO3) at 400 ◦C for 2 hours to promote the formation of Ag nanopar-
ticles. In order to understand the effects of Al ﬁlm and KNO3 salt in the
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formation of particles, two additional samples are fabricated: i) annealed
in the air at 400 ◦C for 2 h with the Al layer and ii) K+ ion-exchanged
at 400 ◦C for 2 h without the Al layer. The processes described above
for these two additional samples are also done after the Ag+-Na+ ion ex-
change at 300 ◦C for 6 h. The studies of these three samples are presented
in publication IV.
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4.1 Optical characterization
4.1.1 UV-VIS spectrometer
The optical properties of noble metal nanoparticles are different from the
optical responses of their bulk or thin ﬁlm forms. The theoretical optical
absorption can be calculated by solving Maxwell’s equations for the scat-
tering of electromagnetic waves of spherical objects, as carried out by Mie
[52]. For the experimental results, the absorption is usually obtained by
directly recording the spectrum in an ultraviolet-visible (UV-VIS) range
when the particles are excited with a UV-VIS light source.
The spectrometer used to characterize surface plasmons in Ag nanopar-
ticles is Perkin Elmer Lambda 950. The prealigned and prefocused deu-
terium and tungsten halogen light sources provide a wide range spectrum
from 175 to 3300 nm. The UV-VIS spectral resolution reached is 0.05 nm.
The double optical path conﬁguration gives a convenient way to compare
the sample and the reference directly. It is suitable when measuring the
optical responses from the Ag aggregates covering a large area of the glass
substrate. However, for the Ag nanoparticle patterns with the size in a
μm-range, an additional microscope module is needed to image the small
patterns.
4.1.2 Setup
The samples with very small features down to a micrometer and nanome-
ter size are difﬁcult to measure with a standard commercial spectrometer
such as Perkin Elmer Lambda 950. Extraction of the inﬂuence by the
small features from the large background imposes severe requirements
on the instruments. Particularly, it is important to locate the position
of the features. Therefore, a setup combining a microscope and a UV-
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VIS spectrometer is built to measure the absorption / transmission of Ag
nanoparticle patterns with the diameter of 10 μm.
Figure 4.1: Absorption / transmission setup for Ag nanoparticle patterns.
The setup is shown in Fig. 4.1. The resonance peak of Ag nanoparticles
is usually in the range of 400 to 600 nm, according to their size, shape and
local dielectric environment. The light source (Ocean Optics, DH-2000)
including deuterium and tungsten halogen sources, is utilized to provide
the spectrum covering the UV-VIS range from 300 to 800 nm. The light
source is ﬁber-coupled. The light from the output end of the ﬁber propa-
gates through a collimator and a condenser built by high quality optical
lenses, and is focused on the sample for illumination. The studied fea-
ture is magniﬁed by a microscope objective (Olympus, LUCPLFLN, 60×,
NA=0.7) with a good UV transmission performance. The measured area
is restricted by an adjustable aperture to reduce the beam size and to
improve the contrast between the sample and the background. The trans-
mitted light is then steered in one of two paths by a ﬂipping mirror: one is
coupled to a CCD camera for locating the feature position, and the other
one is focused into a ﬁber-coupled high UV-sensitivity CCD spectrometer
(AvaSpec-2048×14-USB2) for measuring the spectra. The spectrometer
is speciﬁcally designed for low optical power, ﬂuorescence and UV appli-
cations. All the ﬁbers and lenses used in the setup are carefully chosen to
suit the wavelength range of the measurement.
4.2 Focused ion beam and transmission electron microscopy
Focused ion beam (FIB) is an advanced technique used in semiconductor
and material sciences for site-speciﬁc analysis, deposition and milling. An
FIB instrument combines a scanning electron microscope (SEM) to image
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the sample in the chamber by the focused electron beam, and an ion beam
setup to process the sample by the focused ion beam.
The FIB facility used in this work is a Helios Nanolab 600 system manu-
factured by the FEI company. The system is equipped with an additional
micromanipulator from Kleinkiek. This is utilized in this work to pre-
pare the thin transmission electron microscope (TEM) samples to observe
the cross-section distribution of Ag nanoparticles. Since the substrate
is unconductive glass, a 100 nm Cu layer is evaporated by the electron
beam evaporator IM-9912 (Instrumentti Mattila Oy) on top of the glass
substrate to avoid electron beam induced charging. The evaporation is
done at a base pressure of 4×10−7 Torr and at room temperature. The
deposition rate is 0.2-0.5 nm/s and the corresponding duration is 200-500
s. Then, a Pt strip (14×2×1.5 μm3, length×width×height) is deposited
by FIB at room temperature to locally protect the sample surface and to
avoid curtain effects during the process. The material of Pt is induced by
Ga ion beam with the current of 93 pA. The volume per dose of Pt from
the gas injector is 0.5e−9 m3/s. The deposition duration = cubic microns /
(beam current (nA) × volume per dose ) = 903 s. Ion beam assisted depo-
sition could induce some Ga ion implantation, but it will not go through
100 nm of Cu protective layer and does not affect the glass substrate. And
also, the deposition processes of Cu and Pt are both done at room temper-
ature. Therefore, the deposition of Cu and Pt will not change the proﬁle
of Ag+ ions or the formed Ag particles signiﬁcantly.
In-situ site-selective FIB for TEM sample preparation has been described
in detail in [107]. In a way similar to this tutorial, the TEM sample prepa-
ration process used in this work is shown step by step in Fig. 4.2 with
some modiﬁcations suited to the samples used. In Fig. 4.2(a), two clean-
up trenches are milled at the front and back of the Pt strip. The back
trench (16×6×3 μm3, length×width×depth) is bigger and deeper than the
front trench (14×4×2 μm3) for an easier cutting later. In Fig. 4.2(b), the
lamella is cut free at left and bottom sides, and also cut at the right side
leaving a small portion to hold the lamella to the bulk material. In Fig.
4.2(c) and (d), the manipulator probe is moved close to the lamella, some
Pt is deposited to attach the lamella to the probe, and the lamella is cut
free from the bulk substrate. In Fig. 4.2(e), the probe with the attached
lamella is moved close to the lift-off grid. The lamella is glued on the
grid by Pt deposition, cut free from the probe, and milled to a desired
thickness, as shown in Fig. 4.2(f) and (g). The thickness of the lamella is
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typically required to be less than 100 nm and even thinner than 50 nm in
a high resolution TEM observation. Finally, the lamella is checked by the
scanning transmission electron microscope (STEM) shown in 4.2(h), and
is ready for the TEM observation.
Figure 4.2: TEM sample preparation process by FIB.
Transmission electron microscopy (TEM) is a microscopy technique in
which a beam of electrons is transmitted through an ultra thin specimen,
interacting with the specimen as it passes through it. It is an advanced
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technique not only for imaging with high resolution, but also for analyzing
the material composition and observing the characteristics such as crys-
tal orientation and electronic structure. In this work, main purposes of
using TEM are to observe the cross-section distribution of particles and to
conﬁrm the material of the particles. The system FEI Tecnai F20 ST was
utilized in publication I, and the system JEOL JEM-2200FS was utilized
in publication IV.
4.3 Atomic force microscopy
An atomic force microscope (AFM) is one of the foremost instruments for
imaging and measuring the three dimensional topography of a sample
surface and also for manipulating matter at nanometer level. As shown
in Fig. 4.3, AFM has a cantilever with a sharp tip at its end to scan the
sample surface. When the tip is near the surface, the attractive or repul-
sive force between the tip and the sample results in the deﬂection of the
cantilever. A laser is spotted on the top surface of the cantilever to mea-
sure the deﬂection, and reﬂected into a quadrant photodiode to receive the
position signal. The sample is mounted on a piezoelectric stage, which can
be moved accurately in all three orthogonal directions.
Figure 4.3: AFM principle.
To characterize the lateral distribution of particles, an AFM (NTEGRA
Prima) with a semi-contact mode is employed. The maximum scanned
area is 13.94×13.94 μm2. The probe tip is a silicon cantilever highly
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doped to avoid electrostatic charges. The tip typically has a curvature
radius of 10 nm. Under a semi-contact mode, the cantilever is vibrated
at its resonance frequency with a few nm (< 10 nm) amplitude. The force
between the sample and the tip will change the oscillation frequency and
amplitude. The feedback system maintains the oscillation parameters by
adjusting the z position of the scanner. The topographic image is con-
structed by recording this position at each point.
4.4 Raman spectroscopy
As shown in Fig. 4.4, a common Raman spectrometer utilizes a laser to
illuminate and to excite the sample. The scattered light from the sam-
ple is collected by an objective. The elastically Rayleigh scattered light,
whose frequency is at the same position of the excited laser, is ﬁltered out.
The inelastically scattered light, including Stokes Raman scattered light
and anti-Stokes Raman scattered light, is sent into the detector. It has a
backscattering geometry (Fig. 4.4(a)) and a forward geometry (Fig. 4.4(b))
depending on the way of illumination.
Figure 4.4: The schematic diagram of a Raman spectrometer, (a) backscat-
tering geometry and (b) forward geometry.
The Raman system used in this work is a confocal Raman microscope
alpha 300R from WITEC. The microscope uses a backscattering conﬁgu-
ration and the excitation laser is a 532 nm frequency doubled Nd:YAG.
The Raman measurements are conducted in ambient conditions.
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5 Ag nanoparticle aggregates fabri-
cated by ion exchange with thermal treat-
ment
Ion exchange with a thermal treatment method has been introduced in
Chapter 3.3. Ag nanoparticle aggregates are produced in microscope slides
and high iron ﬂoat glasses by this method. In this chapter, the properties
and SERS activities of the formed particles are studied, and the formation
mechanism is also discussed.
5.1 Depth-dependent absorption spectra of microscope slides
Figure 5.1: Depth-dependent absorption spectra of the ion-exchanged and
annealed sample, subsequently etched at various depths.
Optical absorption spectra of the microscope slide sample, ion exchanged
at 300 ◦C for 6 h and subsequently annealed at 500 ◦C for 1 h, etched at
different depths are presented in Fig. 5.1. The plasmon resonance peak
appears at 430 nm when the sample is unetched. With etching, the mag-
nitude of this peak reduces rapidly, and another shoulder peak at 370 nm
is seen. The absorption of the particles is inﬂuenced by various factors,
mainly material, size, shape, and dielectric environment [2, 9]. In this
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sample, the absorption is mainly from Ag nanoparticles inside the glass
matrix. Particles at the etched surface, in addition with the very thin
layer of excess Ag particles at the surface after etching, are expected to
have a blue-shift in their plasmon resonance because of the decrease in
effective dielectric constant of the medium, but they are so few that their
contribution to the total absorption is limited. Therefore, the main reason
to inﬂuence the absorption is the size of the particles. Since larger parti-
cles absorb at longer wavelenghs [108], the wide spread of the absorption
covering a wavelength range of 300-800 nm suggests a continuum of par-
ticle size at any depth. The change of the peak position from 430 nm to
370 nm implies that the distribution of size varies, such that the amount
of larger particles decreases with depth, but that of smaller particles in-
creases with depth. It should be noted that the broadening of the plasmon
absorption bands can be attributed not only to the particle size but also to
the size distribution. The absorption peak is narrower for smaller etching
depths, probably because the particles with the plasmon resonance peak
close to 430 nm have a very high density in the shallow depth from the
glass surface, even though the absorption is measured through a wider
range of particle sizes.
In order to observe the cross-section distribution, the sample is sand-
wiched between two glass sheets with epoxy glue and polished into optical
quality. The optical image of the cross-section of a sample is shown in the
inset of Fig. 5.1. In principle, the diffusion depth of Ag+ ions could be esti-
mated by calculations together with a prism coupling method when there
is a waveguide formed after the ion exchange [96]. However, waveguides
are not typically fabricated at such a high temperature and with such a
long duration, because the formed particles would cause signiﬁcant losses.
Moreover, in this process the diffusion of Ag+ ions occurs during the actual
ion exchange and during post-annealing. The process is developed for the
generation of Ag nanoparticles but not for the fabrication of waveguides.
The observed absorption by reduced Ag particles indicates the diffusion
depth of Ag+ ions. The result is given by the image, that the absorption
of the particles extends some 50 μm from the surface and is gradually
decreasing with depth.
In addition to the decrease of the plasmon peak, the absorption close to
300 nm is also reduced with the increase of the etching depth. It is sus-
pected that this absorption is partially from the Rayleigh scattering of the
particles, thus it can be reduced due to the decrease of the amount of Ag
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particles during the etching process. In this sense, this part of loss caused
by Rayleigh scattering of the particles, together with the absorption loss of
the particles, can be quoted as the extinction loss of the particles. Further-
more, there are also some other possibilities besides Rayleigh scattering.
For example, it could be attributed to the absorption of Fe3+ in the micro-
scope slides. Fe3+ ions are generated with the particles in the reaction of
Fe 2+ + Ag+ → Fe 3+ + Ag 0. They have the same change in the amount
as Ag particles, therefore they can cause a similar effect in the change of
absorption close to 300 nm.
5.2 Absorption spectra of high iron ﬂoat glasses
For understanding the effect of iron content on particle formation in ﬂoat
glasses, the absorption spectra of ﬂoat glasses with different iron content
and processed after different steps are shown in Fig. 5.2. The sample
naming shown in Table 5.1 is to clarify the different processes. In the ab-
sorption spectra of the two ﬂoat glasses, the absorption is mainly shown in
two regions, including the overlapped peak within 300-700 nm resulting
from the absorption of silver nanoparticles and the absorption of Fe3+ at
shorter wavelengths, and the range near infrared wavelengths caused by
the iron in a Fe2+ oxidation state [109]. The higher absorption at the in-
frared range in the sample #C0 than that in the sample #B0 is attributed
to the higher iron concentration, which has been measured by the atomic
absorption spectroscopy measurment. For both ﬂoat glasses, the slight in-
crease in absorption after ion exchange (samples #B1 and #C1) indicates
that some amount of small nanoparticles have already been formed dur-
ing the ion exchange. After ion exchange and post-annealing, the clear
resonance peak shows around 400 nm in the spectrum of the sample #B2,
and the absorption in the range of 400 to 500 nm clearly increases in the
spectrum of the sample #C2. This indicates that the silver nanoparti-
cles are mainly formed during the post-annealing process. The absorption
caused by the silver nanoparticles has a broader range in the sample #C2
than in the sample #B2 due to a higher variation of nanoparticle sizes and
the aggregation of nanoparticles. Furthermore, it is probably partially in-
duced by the overlaps with the absorption of Fe3+ at shorter wavelengths
which can be seen particularly in the spectrum of the sample #C2.
It is noted that the absorption overlap of Fe3+ and the Ag nanoparti-
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cles is signiﬁcant in the visible wavelength range, and the absorption of
Fe2+ in the near infrared range does not change signiﬁcantly after differ-
ent processes, especially for the 0.361% Fe ﬂoat glass. The change from
Fe2+ state to Fe3+ state, caused by the formation of the silver, is inap-
parent. The reason is that the difference between the glass thickness
and the depth of the formation of silver nanoparticles is signiﬁcant. The
glass thickness is about 5 mm, but the ion exchange occurs just within the
depth of tens of μm for the duration of 6 h and the silver nanoparticles are
formed only very close to the surface of the glass. The majority of iron ions
are not changed, only a small portion of iron ions that are involved in the
formation of silver nanoparticles have changed their state from Fe2+ to
Fe3+.
Table 5.1: Sample naming1.
Material Code Process Code
Microscope slide #A Bare glass 0
0.016% Fe ﬂoat glass #B Ion-exchanged 300◦C/6h 1
0.361% Fe ﬂoat glass #C Ion-exchanged 300◦C/6h
and annealed 600◦C/2h
2
1 For example, the sample #B2 is the 0.016% Fe ﬂoat glass, which is
ion-exchanged at 300 ◦C for 6 h and post-annealed at 600 ◦C for 2 h.
Figure 5.2: Absorption spectra measured from (a) the 0.016% Fe ﬂoat
glass and (b) the 0.361% Fe ﬂoat glass.
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5.3 Thermal reduction
When the thermal annealing is performed for the ion-exchanged glass,
Ag+ ions induced by a diffusion process are reduced to Ag atoms after
capturing the electrons from the glass matrix or from the impurities.
With a sufﬁcient source of electrons, the amount of particles generated
from the glass matrix is generally determined by the concentration of Ag+
ions. This concentration decreases with the depth from the surface due to
the diffusion properties of the ion exchange process. Therefore, at a small
depth, higher concentration of the Ag+ ions results in more larger particle
formation. At a larger depth, the concentration of the Ag+ ions is low
and more smaller particles are obtained. This can explain the absorption
spectra of microscope slides (Fig. 5.1), where a blue shift of the absorption
peak is observed when etching deeper.
In the absorption spectra of microscope slides (Fig. 5.1), some larger par-
ticles also exist at a larger depth, implied by the absorption at the longer
wavelength when etching deeper. This is due to the random existence of
the impurities at any depth, which are needed to reduce Ag+ into Ag0.
Therefore, there is a chance to form larger particles or the particle ag-
gregates at any depth. In the silver reduction process, Ag+ ions need one
electron, which they can obtain from iron when an Fe2+ ion transforms to
an Fe3+ ion during the annealing process according to the reaction [97]:
Fe 2+ +Ag+ → Fe 3+ +Ag 0.
It is noted that since the ion exchange duration (6 h) is relatively long
in the experiment, it can be assumed that the concentration of Ag+ ions
close to the surface after the ion exchange is almost the same as the con-
centration of Na+ ions before the ion exchange. In typical sodium silicate
glasses, the concentration of Na+ is much larger than that of Fe2+. In this
case, the amount of particles generated from the impurities is determined
not by the concentration of the Ag+ ions but by the concentration of the
Fe2+ ions. This can be proven by the optical spectra of high iron ﬂoat
glasses (Fig. 5.2).
Furthermore, the etching process could have some inﬂuence on the for-
mation of the particles. The silver particles etched away have a possibil-
ity to aggregate with the exposed particles at the surface of the substrate
and to form larger aggregates. The situation could vary between different
glasses and different experiments.
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5.4 Surface distribution and SERS activity of the nanoparticles
5.4.1 Microscope slides
In order to characterize the Raman activity of the samples, the microscope
slides with Ag particles are etched to different depths and then incubated
in Rhodamin 6G (R6G) solution for the Raman measurement. Fig. 5.3
presents a typical Raman signal of 100 nM R6G observed from the sam-
ple with different etching depths. The spectra are on the same relative
scale but have been shifted in the y-direction for clarity. The inset is an
optical image from a 2 μm etched sample. The Raman spectra can be only
obtained from the bright spots shown in the optical image (although not
from all of them). It can be seen that the typical Raman signals have
about the same intensity for all the etching depths. The explanation for
the background noise obtained only with the sample etched to 23 μm is
unclear, and further research is needed about this point.
Figure 5.3: Typical Raman spectra of 100 nM R6G measured from the
microscope slides etched to different depths. The inset is a representative
microscope image from a 2 μm etched sample.
It can be speculated from the optical image of the cross section and the
absorption spectra shown in Fig. 5.1, that formed silver particles should
cover the whole substrate. The larger particles are obtained at the shal-
low depth, which has been discussed in the formation mechanism of ther-
mal reduction in Chapter 5.3. However, the SERS enhancement cannot
be observed everywhere on the substrate but only at some bright spots.
The explanation for this could be: the density of formed particles is not
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high enough to generate a strong electric ﬁeld giving the high SERS en-
hancement. The bright spots could be the aggregates of particles which
are more suitable for the SERS enhancement. They are formed around
the impurities which may appear at any depth.
Because the SERS signal can only be obtained at some of the bright
spots and they locate just at few places on the sample, microscope slides
are not considered as a very promising host to fabricate practical SERS-
active substrates. It is noteworthy that iron concentration of microscope
slides is relatively high in the reported composition, but the measured
absorption at near infrared wavelengths is signiﬁcantly lower than that
in the two ﬂoat glasses. This indicates that most of the iron in micro-
scope slides might be in the Fe3+ form, which does not promote the silver
reduction.
5.4.2 High iron ﬂoat glasses
Fig. 5.4 shows an optical image and SEM images of the samples #B2 and
#C2 etched to 1.75 μm. The formed silver nanoparticles show similarly
random structures all over the sample surface, with much higher density
compared to the bright spots in microscope slides shown in Fig. 5.3. It
can be seen that the particles have been formed into clusters that resem-
ble the fractal clusters of silver nanoparticles shown in [9]. In sample
#B2, the aggregate chains are formed by the small particles. In sample
#C2, the particles appear as larger aggregates with a rough surface, which
might be caused by the more efﬁcient reduction because of the higher iron
concentration.
The Raman spectra of 1 μM R6G obtained from the sample #B2 and #C2
with a 20× objective are shown in Fig. 5.5. The SERS signal can be mea-
sured over the entire sample without the need to focus on any particular
position or the need to use high magniﬁcation, which is a very important
feature in practical applications of SERS-active substrates. Although sig-
niﬁcantly higher surface density of silver nanoparticles are formed in the
sample #C2 as suggested by the SEM images, only a moderately higher
Raman signal is observed in the sample #C2 than in the sample #B2.
Therefore, the aggregate chains in the sample #B2 have a better efﬁ-
ciency for SERS enhancement than the larger aggregates in the sample
#C2. It is generally believed that locations with sharp peaks in the shape
of nanoparticles and with narrow gaps between particles can result in a
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Figure 5.4: The optical images and SEM images of the sample #B2 (a, b,
and c) and the sample #C2 (d, e, and f) etched to 1.75 μm.
higher electric ﬁeld and better SERS enhancement. A self-similar chain
of metal nanospheres has been modeled as a nanolens which can focus
the plasmon ﬁeld to a small gap between the nanospheres [110]. Also,
the fractal aggregates of metal nanoparticles with a self-similar structure
have been proposed in [9]. However, the exact characteristics of disor-
dered metal nanoparticle structures required for optimal SERS perfor-
mance are not known. Therefore, it can mainly be said that the aggregates
in the sample #C2 that show the growth of nanoparticles into clusters of
larger size, though containing higher surface density of silver metal, ap-
pear to have proportionally fewer SERS "hot spots".
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Figure 5.5: Raman spectra of 1 μM R6G measured with a 20× objective
from (a) the sample #B2 etched to 1.75 μm, and (b) the sample #C2 etched
to 1.75 μm.
5.4.3 Enhancement factor of SERS-active substrates
To determine the enhancement between SERS and normal Raman scat-
tering, the enhancement factor G for SERS-active substrates has been
simply deﬁned with the expression in literature [111]:
G =
Isurf
IRaman
× NRaman
Nsurf
,
where NRaman and Nsurf denote the number of R6G molecules which con-
tribute to the normal and enhanced signal respectively, while IRaman and
Isurf denote the corresponding normal Raman and SERS intensities.
However, in this deﬁnition, it is often quite difﬁcult to observe the nor-
mal Raman intensity since it is a very weak signal which might not be
visible in the spectra in some cases. Also, the exact number of molecules
is difﬁcult to determine due to the experimental limitations. Therefore,
some estimations and assumptions are needed in order to calculate the
enhancement factor. Based on different estimations and assumptions,
different calculation methods are used. In this work, R6G is used as the
analyte. Since its ﬂuorescence signal is usually much higher than the
normal Raman signal and visible in the spectra, one way is to transfer
the comparison between the intensity of SERS signal and the normal Ra-
man signal to the comparison between the intensity of SERS signal and
the ﬂuorescence signal. It is known that, under the same experimental
conditions, the intensity of the normal Raman signal and that of the ﬂuo-
rescence signal have the following relationship [32]:
IRaman
Iflu
=
σRaman
σflu
=
10−25
10−16
= 10−9,
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where σRaman and σflu are the cross section of the normal Raman scatter-
ing and the ﬂuorescence when R6G is excited with the excitation at the
wavelength of 514.5 nm, and they are 10−25 and 10−16 cm2/sr respectively
[17, 112]. The cross section is different when applying different excitation
wavelengths. However, since in this work the excitation wavelength (532
nm) is close to that in [32], the enhancement factor can be estimated as:
G =
Isurf
Iflu
× NRaman
Nsurf
× 109,
where Iflu is the ﬂuorescence intensity under the same experimental con-
ditions with the normal Raman scattering.
In the experiment, the ﬂuorescence is obtained from the bare iron ﬂoat
glass which is considered as the unenhanced case, the SERS signal is ob-
tained from the silver particles formed in iron ﬂoat glass which is consid-
ered as the enhanced case. It is assumed that the density of molecules per
surface area is the same in the enhanced and unenhanced case since both
are incubated and measured in the same way. Furthermore, on the bare
glass (unenhanced), the substrate is ﬂat and the effective area of the sur-
face is equal to that of the laser spot. On the silver particles (enhanced),
for example in Fig. 5.4, the substrate has a rough surface and the effective
surface area is larger than the laser spot area. If the partially embedded
nanoparticles are simpliﬁed as hemispheres on a ﬂat substrate, the factor
up to 2 can be taken as the ratio of the effective area on the silver particles
and on the bare glass, and the SERS enhancement factor can be written
in the following form:
G =
Isurf
Iflu
× ARaman ÷ SR6G
Asurf ÷ SR6G × 10
9 =
Isurf
2× Iflu × 10
9,
where SR6G is the effective occupied area of a single R6G molecule under
the experimental conditions, ARaman and Asurf denote the effective area
for the normal and the enhanced scattering, respectively. By substituting
the intensities of the SERS signal (without the ﬂuorescence background
and noise) and the ﬂuorescence (without the noise) at 1363 cm−1 as shown
in Fig. 5.5, the value of the enhancement factor is estimated to be 0.3×109
and 0.6 × 109, respectively for the sample #B2 and #C2 in Fig. 5.5. It is
comparable with the results in the literature using R6G as the analyte
[30, 32, 73].
The actual enhancement factor can be different at different locations
and the Raman signal from the molecules at "hot spots" can dominate in
the SERS response, so this gives at best an average value and provides a
comparison of the SERS responses from different substrates.
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6 Ag nanoparticle patterns fabricated
by masked ion exchange
6.1 Optical properties
6.1.1 The inﬂuences of the pattern geometry
The masked ion exchange method has been introduced in Chapter 3.4.
The optical properties of the samples made by this method are studied
here. In order to measure the absorption of small patterns with a μm
size, a setup in Fig. 4.1 is built to magnify and locate the pattern. Fig.
6.1(a) shows the measured transmission spectra of masked ion-exchanged
10 μm circular patterns with different edge-to-edge spacings from 15 to
250 μm. The localized surface plasmon resonance (LSPR) wavelength and
the percentage of the transmission dip change with the spacing distance,
as presented in Fig. 6.1(b). The plasmon peaks red-shift from 399.48 to
438.49 nm with the increase of the spacing distance, and the transmis-
sion dips decrease with the increase of the spacing distance indicating the
increase in the amount of formed Ag nanoparticles. For 10 μm openings,
these changes are not so obvious when the spacing distance is more than
150 μm.
Figure 6.1: (a) Transmission spectra of silver nanoparticles for 10 μm
circular patterns with different spacings. The reference spectrum is from
a fully masked area of the sample. (b) The changes of transmission dip
intensity and the LSPR wavelength from the same sample.
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6.1.2 Formation mechanism: electrolytic deposition
Fig. 6.2 shows the electrolytic deposition of silver under the edge of the
Al mask during ion exchange. The following mechanism has been used
to explain this deposition [105]: During the ion exchange in a salt melt
source, due to the better activity and mobility of Na+ ions than that of
Ag+ ions, more Na+ diffuse out of the glass than Ag+ is diffusing in, thus
an electric potential arises between the glass and the melt. In addition,
the Al mask has the trend to release the electrons to Ag+ ions in glass,
and the left Al3+ ions intend to go into salt, resulting in another electro-
chemical potential between the Al mask and the melt. This electrical
potential difference leads to an ionic current ﬂowing in glass between the
melt and the mask. In the regions close to the mask edge, the current and
Ag+ ions are concentrated, and the unbalanced excess silver is reduced to
metallic form after capturing electrons from the Al mask.
Figure 6.2: Proposed electrolytic deposition of silver under the edge of the
Al mask during ion exchange.
Since the ion current is determined by the factors of electrical potential
difference and the resistance of the Al mask, and the resistance depends
on the mask pattern, the geometry of the mask pattern can inﬂuence the
amount of metallic silver deposition. The optical results in Fig. 6.1 can
be understood by this mechanism. With less densely spaced patterns the
resistance of the Al ﬁlm is reduced, so the ion current and thus the amount
of the deposited silver are increased. When the spacing distance is above
a critical value, the resistance is small enough to saturate the ion current.
Not the resistance of the Al ﬁlm anymore, but some other factors such as
the conductivity of the glass limit the increase of the current. This can
explain that the intensity of the transmission dip decreases and the dip
position red-shifts with increasing the spacing distance, and this change is
not obvious after the spacing achieves some critical value. In addition, the
spacing distances are at the level of several microns. They were designed
in the mask to study their inﬂuence to the formation of Ag particles.
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6.2 Distribution of the nanoparticles
6.2.1 Cross-section distribution
A thin lamella with the thickness under 100 nm is prepared by the FIB
system and observed by TEM. The preparation process has been described
in detail in Chapter 4.2. Since the host glass is essentially transparent to
the transmitted electron beam, the TEM image shows many layers of par-
ticles within the thickness of the lamella all superimposed together. The
lamella is selectively extracted from the sample underneath the mask
edge of a 10 μm circle pattern. Fig. 6.3(a) shows that the shape of the
particles is nearly spherical and the average size is about 5-10 nm. Some
of the small particles aggregate together and form into larger ones. The
inset of this image gives the electron diffraction pattern from this area in-
dexed as cubic silver, which proves the crystalline metallic structure of the
nanoparticles. The cross-section distribution of silver particles is shown
in Fig. 6.3(b). In addition, as shown in Fig. 6.3(c), X-ray energy disper-
sive spectroscopy (EDS) gives the element analysis from the sample. The
elements other than Ag in the spectrum are from: Pt-deposit layer, Cu-
deposit layer and TEM grid, Al-mask, Ga-focused ion beam, Si/O-glass.
Figure 6.3: (a) Bright ﬁeld image of silver nanoparticles and their electron
diffraction pattern. (b) The overview image of silver nanoparticles under-
neath mask edge for 10 μm circle pattern. (c) EDS spectrum of element
analysis of the nanoparticles.
Moreover, it is estimate from Fig. 6.3(a), that roughly 4 percent of the
glass volume is ﬁlled with silver particles. This corresponds to about 80
percent of the maximum concentration of Ag+ ions in Corning 0211 glass
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established by a full Ag+-Na+ ion exchange. Therefore, a substantial por-
tion of silver in the glass is reduced into metallic form in these regions.
6.2.2 Surface distribution
In order to expose the silver nanoparticles, wet etching is applied by the
SiO2 etchant (buffered HF, Merck Sioetch 17/02 VLSI). Because of the
presence of the particles, the etched surface of the Ag embedded glass is
not even and it is difﬁcult to determine the average position of the surface.
Therefore, it is assumed that the etching rate of the Ag embedded glass is
the same as that of a bare Corning 0211 glass. The etching depth is 220
nm for the duration of 4 min, measured by a proﬁlometer. Since Corning
0211 glass is a homogeneous material, the corresponding etching rate is
calculated as 55 nm / min.
Fig. 6.4 shows the lateral distribution of silver nanoparticles from a 4
μm circular pattern with different spacings. The particles are exposed by
removing a 55 nm thick glass layer from the surface. It clearly shows that
the particles are following the edge of the mask. With increasing spacing,
more particles are formed for the same mask opening size. This result is a
qualitative proof to the conclusion obtained from the transmission spectra
in Fig. 6.1, that changing the pattern geometry is an approach to control
the particle formation such as the pattern or the amount of the particles.
Figure 6.4: AFM micrograph of a 4 μm circular pattern with a spacing of
(a) 15 μm, and (b) 100 μm.
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Figure 6.5: AFM image of a 4 μm stripe pattern of silver nanoparticles.
The AFM image in Fig. 6.5 presents a 4 μm stripe pattern of silver
nanoparticles with the spacing of 250 μm. The optimized etching depth
is 110 nm to obtain the largest density of particles. They are densely
concentrated and appear as closely packed particles or aggregates along
the mask edge, and getting sparser at the sites further from the mask
edge. This result further conﬁrms the patterning ability of masked ion
exchange method.
6.3 SERS application
6.3.1 SERS results from the ring pattern
Since the dense aggregates of nanoparticles have been known to be the
contributors to a high SERS signal [113], the ring pattern with larger
spacing distance in Fig. 6.4 shows more potential for SERS due to its
obvious higher density of particles. The sample is etched to the depth of
55 nm to expose the nanoparticle pattern. The Raman spectra, optical
image and Raman image of 1 μM R6G obtained from this pattern are
shown in Fig. 6.6. The Raman spectrum on the particles (position A)
shows a clear Raman signal, while outside the particles (position B) it
gives no Raman peaks but only a ﬂuorescence background. The Raman
image of the pattern presenting the intensity of the Raman signal has a
similar appearance with the optical image of the pattern. It indicates that
the strong SERS signal is from the locations with dense nanoparticles.
In order to study the detection limit of the substrate, the sample is in-
cubated in different concentrations of R6G solution. The Raman spectra
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Figure 6.6: (a) Raman spectra, (b) optical image and (c) Raman image of
1 μM R6G observed from the 4 μm ring pattern of silver nanoparticles.
observed from the ring pattern for different concentrations are presented
and compared in Fig. 6.7. It is reasonable that higher concentration of the
solution gives better Raman signal with more resolved peaks and higher
intensity of the peaks. As can be seen, R6G can be detected down to 1 nM
concentration. This concentration is quite comparable with some other re-
ported results [30, 32, 73], and some lower detection limits have been also
demonstrated [61, 65]. However, the sensitivity of the SERS-active sub-
strates is not only determined by the concentration, but also inﬂuenced by
the incubation conditions (such as whether the solution is stirred or the
incubation duration) and the measurement parameters (like the integra-
tion time for the spectra, the intensity of the excitation, or the magniﬁca-
tion of the microscope objective in the Raman system). Since a relatively
short incubation duration and acquisition time for a single spectrum are
used, the detection limit of 1nM is a reasonably good result considering
all these conditions. With the optimized experimental conditions, even
better results could be achieved.
The Raman spectra are also measured for 1 μM and 10 nM R6G after
storing the substrates on a shelf for one day. The SERS signal shows a de-
crease of roughly 50% after one day for 1 μM R6G on the ring pattern and
it is much more difﬁcult to locate the sensor spots. For 10 nM R6G, the
signal disappears nearly completely after one day on the same pattern.
The oxidization of Ag during the storage of the substrates in the shelf is
the reason for the decrease of the SERS signal. Besides the stability of
the substrate, the degradation of R6G with time could be another reason
to the loss of SERS signal. This could induce a difference in the signal
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decreases for different concentrations of the detected molecule. In order
to improve the stability of the substrate, a thin layer of alumina can be
deposited by atomic layer deposition to protect the Ag surface from oxi-
dization. It has been demonstrated that an alumina layer with a proper
thickness can provide a satisﬁed improvement in the stability of the SERS
intensity and result in a longer lifetime of a SERS-active substrate [58].
Figure 6.7: Raman spectra of R6G observed from a 4 μm ring pattern of
silver nanoparticles with different concentrations in the region of 1 nM - 1
μM. The signals for the concentrations of 100, 10 and 1 nM are magniﬁed
by the factors of 2 or 4 as denoted.
6.3.2 SERS results from the stripe pattern
The distribution of particles on the stripe pattern is slightly different from
that on the ring pattern. The AFM images of the stripe pattern with
a 10 μm diameter, and the corresponding Raman images of 1 μM R6G
observed from this pattern are shown in Fig. 6.8. The optimized etching
depth for the densest particles and the best Raman signal is 55 nm for
the ring pattern, but 165 nm for the stripe pattern. The explanation for
this could be attributed to the formation mechanism by the masked ion
exchange, presented in Chapter 6.1.2. Because of the geometry difference,
a different distribution of ion current causes a different distribution of the
formed particles.
However, the SERS activity of the stripe pattern is quite similar with
that of the ring pattern. The dense aggregates of particles are still the
better positions for the higher Raman signal, seen from the Raman image
corresponding to each AFM image in Fig. 6.8. Compared to the Raman
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Figure 6.8: AFM images (left side) of the stripe pattern made through a
10 μm wide mask opening and Raman images (right side) of 1 μM R6G at
different etching depths on the pattern. The depth increases from 55 to
220 nm from (a) to (d).
intensity of these favorable positions, it is difﬁcult to get the Raman signal
from the less dense or isolated particles and no Raman signal is obtained
from the bare glass. This can be seen from the Raman spectra in Fig. 6.9,
which are extracted from three different positions in Fig. 6.8(c).
Previously, the ﬂuorescence spectrum of R6G on a thin Ag ﬁlm deposited
on glass has been discussed [114]. In a deposition process, never a purely
smooth Ag ﬁlm is formed but a rough surface with grains, which are sim-
ilar with isolated Ag particles and densely packed particles depending on
the deposition parameters such as thickness, deposition rate, and temper-
ature. When a ﬂuorophore is placed near the metal nanoparticles, two
physical phenomena are involved in this process: ﬂuorescence quenching
by the metal surface and metal enhanced ﬂuorescence. It has been noted
in Chapter 2.3 that, compared to the free space conditon, an additional
quenching caused by the metal surface results in the smaller quantum
yield in the ﬂuorescence, and an additional radiative decay rate as a re-
sult of the enhanced local ﬁeld makes the ﬂuorescence enhanced. In Fig.
6.9, the ﬂuorescence spectra of three positions located in Fig. 6.8(c) are
also shown. It is also noteworthy to observe and compare the ﬂuorescence
differences on these three positions. When placing the R6G molecules on
the bare glass, it is the case of free space condition. When placing the
50
Ag nanoparticle patterns fabricated by masked ion exchange
R6G molecules on the isolated particles, the quenching effect is stronger
than the enhancement, and the resulting ﬂuorescence is ﬁnally quenched.
When placing the R6G molecules on the closely packed particles, the en-
hanced electric ﬁeld is stronger than that of the isolated particles. With
this strongly enhanced electric ﬁeld, higher radiative decay rate can be
obtained to increase the ﬁnal quantum yield, thus the ﬂuorescence is en-
hanced. This result shows the potential application of these produced
particles for metal enhanced ﬂuorescence.
Figure 6.9: Raman and ﬂuorescence spectra observed from position A
(bare glass), B (isolated nanoparticles) and C (closely packed nanopar-
ticles) in Fig. 6.8(c).
6.3.3 Enhancement factor of SERS-active substrates
The estimation method described in Chapter 5.4.3 is utilized to calculate
the enhancement factor for silver nanoparticle patterns. In this case, the
enhanced signal is from the silver nanoparticle pattern, and the unen-
hanced signal is from a position outside the pattern, which are shown in
Fig. 6.6 as positions A and B, respectively. By substituting the intensities
of the SERS signal (without the ﬂuorescence background and noise) and
the ﬂuorescence (without the noise) at 1363 cm−1 as shown in Fig. 6.6,
the value of the enhancement factor is estimated to be at the order of 109
for the silver nanoparticle ring pattern in Fig. 6.6. It is comparable with
the SERS results obtained from Ag nanoparticle aggregates fabricated by
the ion exchange with thermal treatment on high iron ﬂoat glasses, as
calculated in Chapter 5.4.3.
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7 Ag nanoparticle substrates fabricated
by two-step ion exchange
7.1 Optical properties
Table 7.1: The processing details of three different samples.
Process#1 Process#2 Process#3
Ag+ ion
exchange
Evaporation
of Al ﬁlm
K+ ion
exchange
Annealed
in the air
Sample#1 300◦C/6h 100nm 400◦C/2h -
Sample#2 300◦C/6h 100nm - 400◦C/2h
Sample#3 300◦C/6h - 400◦C/2h -
Three different samples have been fabricated by the two-step ion ex-
change method introduced in Chapter 3.5. Table 7.1 summarizes the pro-
cessing details of these three samples. Fig. 7.1 shows their optical absorp-
tion spectra. Without the deposition of an Al ﬁlm (Sample#3), there is no
plasmon peak showing in the absorption, implying there is no formation
of Ag nanoparticles (NPs). When there is an Al ﬁlm evaporated, stronger
absorption and more particles are obtained when the sample is placed in
the KNO3 salt (Sample#1) than in the air (Sample#2) at the same tem-
perature.
7.2 Formation mechanism
After the Ag+ ion exchange for 6h at 300 ◦C, if the sample is just annealed
in the air for 2h at 400 ◦C, the annealing will change the Ag+ concentra-
tion proﬁle by lowering the peak of the Ag+ concentration and driving the
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Figure 7.1: Optical absorption spectra of different glass samples with em-
bedded Ag NPs. The samples were prepared under different experimental
conditions.
whole proﬁle deeper into the glass. However, the situation is different
and more complicated in the two-step ion exchange method. The optical
spectra shown in Fig. 7.1 reveal the important functions of both the Al
layer and the KNO3 salt in the subsequent process, and also give insight
to the formation mechanism behind these two contributors. Fig. 7.2 gives
the proposed mechanism for the formation of Ag NPs during the K+ ion
exchange with an Al layer. The Al ﬁlm has an essential role during the
galvanic replacement reaction, in which the Ag+ ions are reduced into
metallic Ag. The KNO3 salt provides the possibility of an ion ﬂow during
the electrolytic deposition, in which the capability of Ag particle forma-
tion is improved by the increase of Ag+ ions ﬂowing from the larger depth
of the glass to the vicinity of the surface of the glass.
Figure 7.2: Proposed mechanism for the formation of Ag NPs during K+
ion exchange with an Al layer.
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7.2.1 Galvanic replacement reaction
The galvanic replacement provides a simple way to fabricate metal nanos-
tructures. It usually takes place between a sacriﬁcial metal template and
a solution containing other less active metal ions. The driving force of the
reaction is the electrical potential difference between these two metals,
making one act as the cathode and the other one as the anode. In this
work, the sacriﬁcial metal is an Al layer and the metal ions are Ag+ ions
distributed in the glass matrix. Since the reduction potential of Al3+/Al
(-1.676 V versus the standard hydrogen electrode, SHE) is much lower
than that of Ag+/Ag (0.8 V versus SHE), the following redox reaction will
happen:
Al 0 + 3Ag+ → Al 3+ + 3Ag 0.
It is noted that, at the elevated temperature, for example 400◦C at which
the galvanic replacement reaction occurs in this work, the glass can be
considered as a solid electrolyte, and the Ag+ ions are relatively free to
move in the glass structure, similar to the ions in a solution but with less
mobility.
Since the Al layer is the critical source in the galvanic replacement reac-
tion to provide electrons for the reduction of Ag+ ions, the Ag particles are
rarely formed without this Al layer, which is demonstrated by the absorp-
tion spectrum of Sample#3. Besides using this Al layer as the sacriﬁcial
template, an additional condition is the elevated temperature to allow the
mobility of Ag+ ions in the glass matrix. When these two conditions are
satisﬁed, the galvanic replacement reaction can happen and Ag particles
can be formed, seen from the spectra of Sample#1 and Sample#2.
7.2.2 Electrolytic deposition
Another observation is that more Ag particles are generated in Sample#1
than in Sample#2, when the sample is placed in a heated KNO3 salt in-
stead of heated in air. This can be referred to the electrolytic deposition
which has been mentioned in Chapter 6.1.2. When the sample is dipped
into the heated KNO3 salt, the electrical potential differences between
the melt, the glass substrate and the Al layer will lead to an ionic current
ﬂowing in glass and drive more Ag+ ions from deeper in glass to the in-
terface between the glass and the Al layer. This current can keep ﬂowing
since new ions, i.e. K+ ions, from the melt can compensate the loss of Ag+
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ions due to the formation of Ag particles. Therefore, more Ag particles
can be formed with this continuous source of Ag+ ions. When the sample
is placed in the air at an elevated temperature, the Ag particle formation
can happen because of the galvanic replacement reaction, but it cannot
be continued when the system attains an equilibrium because there is no
continuous Ag+ ion current ﬂowing to the Al layer without the KNO3 salt.
It is worthy to emphasize the difference of the electrolytic deposition in
Chapter 6.1.2 and that in this section. In Chapter 6.1.2, the potential
differences between the mask, the glass and the salt melt are within the
distances in the micron range. In the two-step ion exchange process, the
two glass surfaces in contact with the salt melt and with the mask, re-
spectively, are separated by a 0.5 mm thick glass substrate acting as a
solid electrolyte.
7.3 Distribution of the nanoparticles
7.3.1 Cross-section distribution
Figure 7.3: (a) The overview image showing the distribution of Ag NPs
under the surface of the sample#1. (b) Bright ﬁeld TEM image of the
particles observed with high magniﬁcation.
For TEM studies, a TEM lamella is prepared by the FIB system intro-
duced in Chapter 4.2. The TEM image shows the superimposed effect of
many layers of particles within the thickness of the lamella, since the host
glass is essentially transparent to the transmitted electron beam. The
particles are nearly spherical with the diameter of 5-10 nm, seen from
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Fig. 7.3(b). The size and shape of the particles are similar to the parti-
cles formed by the masked ion exchange, which are described in Chapter
6.2.1. The particles are also separated with deep and narrow gaps. How-
ever, instead of different densities of particles in a small region close to
the Al mask edge, the particles formed by the two-step ion exchange are
uniformly distributed under the whole Al layer and between the depths
of around 50 and 220 nm from the glass surface, as shown in Fig. 7.3(a).
There are also particles above 50 nm and below 220 nm, but the density
of them is clearly lower than that between the depths of 50 and 220 nm.
7.3.2 Surface distribution and its Fourier analysis
The surface distribution of particles from the sample#1 etched to different
depths (55, 110 and 220 nm) is shown in Fig. 7.4. The height scale shown
at the bottom of each image is increasing from 220 nm to 390 nm when
etching deeper. The root-mean-square (RMS) roughness of each image
has been calculated as 24.2 nm, 38.6 nm, and 46.1 nm respectively, when
etched to 55, 110 and 220 nm.
Figure 7.4: AFM images (6 μm × 6μm) scanned from the sample#1 etched
to different depths (a) 55 nm, (b) 110 nm, and (c) 220 nm.
Fig. 7.5 shows two-dimensional power spectra (2D-PS) images obtained
from the Fourier transform (FT) of the AFM images in Fig. 7.4. The
spatial frequency domain ranges from−(2Δ)−1 to+(2Δ)−1, whereΔ is the
sampling interval. In this case, the sampling interval (the AFM scan step)
has been calculated as the fraction of the scan length and the number of
scan lines along the axes:
ΔL = ΔLx = ΔLy = 23.4 nm,
and the spatial frequency domain ranges from [-21.33, +21.33] μm−1.
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Figure 7.5: 2D-PS images of AFM images scanned from the sample#1
etched to different depths (a) 55 nm, (b) 110 nm, and (c) 220 nm; these
three images have the same brightness scale. (d) the logarithmic spectra
of 1D-PS integrated from the 2D-PS images, and the curve showing the
function dependent on the spatial frequency to the power of -3.3.
Brightness in the 2D-PS images represents the intensity of frequency
components in the surface image, and they have been rescaled with the
same scale for the convenience of comparison. Using polar coordinates,
the 2D-PS are integrated over the polar angle to obtain average 1D-PS.
The logarithmic spectra of 1D-PS are also shown in Fig. 7.5(d). In addi-
tion, the roughness of an etched bare glass is normally less than 2 nm and
sometimes less than 0.5 nm at smooth positions, which is not signiﬁcant
comparing to the total roughness with the particles. Therefore, the pure
etching process has a negligible contribution to the roughness. However,
the etching removes particles from the glass surface. These free parti-
cles have a possibility to attach to the remaining particles at the surface,
which can make the surface rougher.
It is important to note that, because of the limitation of sampling in the
Fourier transform, the maximum spatial frequency is 21.33 μm−1 and the
corresponding smallest lateral size that can be resolved in AFM images
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is 23.4 nm. Even with a better sampling interval, the resolution is still
limited by the size of the AFM tip (usually around 10 nm). Since it has
been shown in the TEM images in Fig. 7.3 that the size of the individual
particles is 5-10 nm, it is impossible to resolve the individual particles in
the AFM images due to the limitation related to the AFM tip. However,
Fig. 7.5(d) shows that 1D-PS follow well the proportionality of f−3.3. This
power-law function is scale-invariant, which suggests that it will keep this
trend when going to higher frequencies, up to the limit given by the par-
ticle sizes. Actually, this suggests a self-similar fractal structure with a
fractal dimension around 1.85 [115], and the fractal aggregates of metal
nanoparticles are known to be efﬁcient for SERS [9]. Based on this sur-
face distribution and its Fourier analysis, the evaluation of the surface
features and its relation to the SERS performance will be discussed later
in Chapter 7.4.2.
7.4 SERS application
7.4.1 SERS results
Figure 7.6: (a) Raman spectra, (b) average Raman intensity and RSD
of Raman intensity of 1μM R6G observed from the sample#1 etched to
different depths 55 nm, 110 nm, and 220 nm.
The Raman spectra and the corresponding data analysis observed from
the sample#1 etched to different depths 55, 110, and 220 nm are shown
in Fig. 7.6. The ﬂuorescence background was subtracted in each Raman
spectrum, and the average Raman intensity and the relative standard de-
viation (RSD) are calculated from a set of data. When etched to 55 nm,
the Raman peaks are nearly invisible and the RSD is as high as 30%.
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When etched to 110 and 220 nm, the Raman signals are much higher and
the substrates have a good reproducibility with the RSD of 10%. With
the estimation method described in Chapter 5.4.3, the highest enhance-
ment factor is obtained on the substrates etched to 220 nm, estimated as
0.4×109. These results have a good agreement with the cross-section dis-
tribution of the particles in Fig. 7.3(a). The particles are not well exposed
at the depth of 55 nm resulting in a low Raman signal. They are well
exposed at the depths of 110 and 220 nm producing clear Raman peaks.
The inﬂuence of the surface distribution is important for the SERS per-
formance and will be discussed in detail in the next section.
7.4.2 The analysis of surface distribution and SERS results
The SERS performance depends on the amplitude of the electric ﬁeld at
the location where the molecule is placed. The electric ﬁeld caused by
the silver nanoparticles is largely determined by the arrangement of the
particles, or the distribution of particles in a larger area. Therefore, the
analysis of the surface distribution (the analysis of AFM images here), is
helpful in understanding its inﬂuence on the SERS performance. Some
methods have been utilized to quantitatively evaluate AFM images, such
as standard deconvolution techniques [116], a statistical analysis of sur-
face roughness [117], a discrete wavelet transform [118], and the Fourier
transform (FT) [119]. In this work, the statistical analysis of the surface
roughness and the FT are combined to study the surface features.
RMS roughness is a statistical measure presenting vertical variations
in AFM images. As shown in Fig. 7.4, higher RMS roughness indicates
that more rough features are obtained when etched deeper. In addition,
the FT analysis of the AFM images shown in Fig. 7.5 is a way to char-
acterize the surface features by a frequency analysis. Throughout the
spatial frequency of [-21.33, +21.33] μm−1, the intensity of the 1D-PS is
much larger when etched to 110 nm and 220 nm than that of the sam-
ple etched to 55 nm. According to the spectra shown in Fig. 7.5(d), the
intensity of the 1D-PS can be expected to keep the trend up to higher fre-
quencies corresponding the particle sizes. The higher intensity of power
spectra in frequency domain indicates larger height variation. This is in a
good agreement with the height scale and the RMS roughness of the AFM
images. These larger height variations indicate more roughness on the
surface, which could include more "hot spots" with a better SERS signal.
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The aim of this work was to develop fabrication methods of silver nanopar-
ticles embedded in glasses and investigate their application for surface
enhanced Raman spectroscopy (SERS). The fabrication methods based on
the ion exchange technique can produce Ag nanoparticles (NPs) in a con-
trollable way. The produced particles are proven to be suitable for biosens-
ing applications by using rhodamine 6G (R6G) as an analyte.
Ion exchange with a thermal treatment method has been used to fab-
ricate silver nanoparticle aggregates on microscope slides and high iron
ﬂoat glasses. The formation of particles in microscope slides and the SERS
performance of these particles are studied in publication II. Since the
SERS-active spots are only obtained at few locations, microscope slides
are not considered as a very promising host to fabricate SERS-active sub-
strates. With the increased iron concentration in high iron ﬂoat glasses,
much higher amount of silver particles are formed and embedded in glasses
by thermal reduction. It has been demonstrated in publication V that
high iron ﬂoat glasses can be used as substrates to make SERS-active
substrates with good performance and high reproducibility.
The formation of silver nanoparticles in waveguide fabrication by a masked
ion exchange has been observed as a problem because it can increase at-
tenuation in the waveguides. Here, the silver deposition is taken as an
advantage, and it is used to fabricate Ag nanoparticles by intentionally
enhancing the particle generation. The properties of these particles are
studied and the formation mechanism of electrolytic deposition is dis-
cussed. Since the silver particles are only deposited at the edge of the
mask, this method provides a way to make silver nanoparticle patterns.
The ring and stripe patterns have been demonstrated in publications I
and II, and their SERS activities have been studied in publication III.
The masked ion exchange process provides a possibility to make SERS-
active substrates using high quality Corning 0211 glass as a substrate.
In addition, as the presented technique is also widely used in the fab-
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rication of glass waveguides, it could be possible to make lab-on-a-chip
devices, which integrates the silver particles with optical waveguides and
microﬂuidic channels, for high-sensitivity surface enhanced spectroscopy.
A two-step ion exchange method has been developed to fabricate uni-
form nanoparticle clusters (over large areas) embedded in Corning 0211
glass in publication IV. Ag+ ions are introduced into glass in an Ag+ ion
exchange, and reduced into metallic silver in a subsequent K+ ion ex-
change. The formation mechanism is explained by a combination effect
of the galvanic replacement reaction and the electrolytic deposition. The
properties of the particles are characterized. Particularly the relationship
between the surface distribution of the particles and the Raman spec-
tra is discussed. Compared to the silver particles formed by the masked
ion exchange, the particles formed by the two-step ion exchange are over
broad areas under the Al ﬁlm, and the SERS signal can be measured over
the entire sample without the need to focus on any particular position
or the need to use high magniﬁcation. This is a very important feature
in practical applications of SERS-active substrates. Moreover, the pre-
sented method could also enable the patterning of areas with the particles
when applying a photolithographic mask in either the ﬁrst step of Ag+ ion
exchange or the second step of K+ ion exchange process. Therefore, the
two-step ion exchange is not only a good way to fabricate SERS-active
substrates, but also an ideal option for the development of integrated sen-
sor chips. When applying this technique on an optical ﬁber, a SERS probe
with silver nanoparticles on the tip of the ﬁber could also be fabricated to
realize remote detection.
These three methods used to fabricate SERS-active substrates in this
thesis are all based on ion exchange processes. They are simple and
low-cost methods suitable for large scale fabrication, having important
signiﬁcance in the commercialization of this innovation. Taking the re-
producibility of the Raman signal into account, the optimal enhancement
factor is on the order of 109, and the same level is obtained for all the
substrates fabricated by the three methods in this work. Comparing their
Raman signals to the other reported SERS-active substrates using R6G
as the tested molecule, the optimal enhancement factor is higher or com-
parable with most of them [25, 30, 32, 33, 73]. Regarding the detection
limit of R6G, the lowest detected concentration of 10−9 M has been demon-
strated in this work. Similar [25, 30, 32, 33, 73] or lower concentrations
[61, 65] down to a single-molecule detection [17, 73] have been detected
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before. The studies and increased understanding about the fabrication of
Ag NPs and the demonstration of their SERS activities provide the neces-
sary foundations, and the logical next step is to develop integrated sensor
chips based on the techniques in this thesis and to apply them in real
biosensor applications. Some ideas to extend this work are: i) to fabricate
integrated sensor chips for high-performance easy-to-use SERS detection;
ii) to realize remote detection by fabricating a SERS-active sensor area on
the tip of an optical ﬁber to serve as a SERS probe; and iii) to investigate
the performance of the sensors in real medical or biological applications.
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